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Abstract 
   Single crystals of undoped CaFe2As2 were grown by a FeAs self-flux method, and 
the crystals were quenched in ice-water rapidly after high temperature growth. The 
quenched crystal undergoes a collapsed tetragonal structural phase transition around 
80 K revealed by the temperature dependent X-ray diffraction measurements. 
Superconductivity below 25 K was observed in the collapsed phase by resistivity and 
magnetization measurements. The isothermal magnetization curve measured at 2 K 
indicates that this is a typical type-II superconductor. For comparison, we 
systematically characterized the properties of the furnace cooled, quenched, and 
post-annealed single crystals, and found strong internal crystallographic strain 
existing in the quenched samples, which is the key for the occurrence of 
superconductivity in the undoped CaFe2As2 single crystals. 
 
 
1. Introduction 
For the recently discovered iron-based high-Tc superconductors [1], 
superconductivity was usually induced by suppressing the low temperature 
antiferromagnetic (AFM) transition via chemical doping, or applying external 
pressure in the parent compounds [2, 3]. Due to the feasible high quality singe crystal 
growth by flux method for the ternary 122-type AFe2As2 (A= Ba, Sr, Ca, Eu) 
superconductors with the ThCr2Si2-type crystal structure [4, 5], these systems have 
been widely studied for their physical properties and high-Tc mechanism [6]. 
Interestingly, superconductivity was also reported in the undoped SrFe2As2 (Tc up to 
21 K) and BaFe2As2 (Tc up to 22.5 K) single crystals at ambient pressure without any 
chemical doping, which was suggested to be induced by internal crystallographic 
strain or self-doping by crystal defects [7, 8].  
Among these 122-type iron pnictides, CaFe2As2 is very particular, which exhibits 
extreme sensitivity to external pressure on its crystal structure and magnetic 
properties at ground state [9-15], and the rare-earth doped Ca1-xPrxFe2As2 even 
reaches an unusual high-Tc of 49 K with the mechanism still unclear [16, 17]. For the 
undoped CaFe2As2 compound, it generally crystallizes in the tetragonal ThCr2Si2-type 
crystal structure at room temperature, and undergoes a first-order phase transition into 
an orthorhombic phase at 170 K [18-20], which is also accompanied by a 
commensurate AFM transition [21]. After applying a pressure above 0.3 GPa, a 
collapsed, non-magnetic tetragonal phase instead of the AFM phase is formed at low 
temperature [9, 11-14, 22], and this collapsed phase has a distinct c-axis shrinkage 
due to the promotion of the inter-layer As-As bonds [23-25]. This collapsed phase was 
also reported to be stabilized by annealing and quenching processes without applying 
external pressure [26, 27]. In addition, chemical doping was also reported to be able 
to stabilize this collapsed phase at ambient pressure [28-31]. Superconductivity up to 
12 K was ever reported in undoped CaFe2As2 crystal under near-hydrostatic pressures 
[9-11], but after using helium gas as a hydrostatic pressure medium, the signal of 
superconductivity became absent [13, 14].  
Here we report the superconductivity with Tc ~ 25 K at ambient pressure in 
undoped CaFe2As2 single crystals processed by a rapid quenching treatment after high 
temperature growth. More interestingly, this high-Tc superconductivity is originated in 
the collapsed tetragonal CaFe2As2 phase. 
2. Experimental details 
High quality single-crystalline samples of CaFe2As2 were grown in a FeAs 
self-flux method. The FeAs precursor was pre-sintered by solid-state reaction of Fe 
powder and As powder at 750 
o
C for 30 h in an evacuated quartz tube. The 
high-purity elemental Ca pieces were mixed with FeAs in a ratio of 1:4 before placed 
into an alumina crucible, and then sealed in an evacuated quartz tube. The ampoules 
were heated at 500 
o
C and 700 
o
C for 5 h respectively, then slowly heated to 1150 
o
C 
in 10 h, dwelled for 30 h and then cooled down to 850
 o
C slowly at a rate of 1.5 
o
C/h. 
At this temperature, some of the ampoules were taken out of furnace and quenched in 
ice-water rapidly, and the resulting plate-like crystals were referred to as “quenched” 
samples. And the samples with furnace cooling after turning off the power at 850 
o
C 
were referred to as “furnace cooled” samples. Some of the “quenched” crystals of 
CaFe2As2 were selected for post-annealing at various temperatures for 20 h, which 
were called “annealed” samples. All the crystals were separated from the flux 
mechanically at room temperature. 
All the single-crystalline samples were characterized by X-ray diffraction (XRD) 
analysis at room temperature, performed on a PAN-analytical diffractometer with 
Cu-K radiation. Temperature dependent XRD was measured by a Rigaku-TTR3 
diffractometer using high-intensity graphite monochromatized Cu-K radiation. 
Chemical analysis was performed via energy dispersive spectroscopy (EDX), giving 
stoichiometry of 1 : 2 : 2 in all specimens within the instrument error range. The 
resistivity measurements against temperature were performed by employing a 
standard DC four-probe method using a Quantum Design physical property 
measurement system (PPMS) down to 2 K. The DC magnetic susceptibility was 
measured as a function of temperature with both zero field cooling (ZFC) and field 
cooling (FC) methods under a magnetic field of 10 Oe using a Quantum Design 
magnetic property measurement system (MPMS). The DC magnetic susceptibility as 
a function of field at 2 K was also carried out using such MPMS system to ensure the 
superconductivity. 
 
3. Results and discussion 
Fig. 1 presents the room temperature XRD patterns for the single crystals of 
furnace cooled, quenched and annealed samples with an image of the plate-like single 
crystal for the quenched specimen shown in the inset. The observation of the (00l) 
peaks indicates the orientation along the c-axis for all the samples. Clear changes of 
the lattice parameter c are revealed from the varying positions of the (008) peaks, and 
the c-axis parameter for all samples was calculated. The furnace cooled sample has a 
similar c-axis parameter to that of previously reported non-superconducting tetragonal 
CaFe2As2 parent compound [32]. The quenched crystal has the shortest c-axis 
parameter of 11.564(7) Å. After annealing processes at low temperature from 150 
o
C
 
to 400 
o
C for the quenched crystal, the crystal lattice slowly relaxed and the c-axis 
returns to the value close to that of the furnace-cooled sample, which reveals strong 
internal crystallographic strain from lattice distortion and defects stabilized in the 
quenched crystals. This is also indicated by the varied shape of the (008) peaks, from 
the irregular, broad and low-intensity peaks of the quenched crystal to the typical 
sharp Lorentz peaks of the annealed crystal. The temperature dependent XRD patterns 
for a quenched crystal are shown in Fig. 2(a) from 35 K to 300 K near the (002) peaks, 
with the corresponding lattice parameter c plotted in Fig. 2(b). A dramatic shrinkage 
of the c-axis happens around 80 K, and this is the typical characteristic of the 
collapsed phase transition in the CaFe2As2 single crystals [23]. The stabilization of 
this collapsed phase by a fast quenching process is consistent with the reported phase 
diagram [26]. Here we note that powder XRD was not presented because grinding 
will cause relaxation of the crystal lattice. 
The DC magnetization for all the undoped CaFe2As2 single crystals were 
carefully measured between 2 K and 60 K with both zero-field-cooling (ZFC) and 
field-cooling (FC) methods under a magnetic field of 10 Oe applied parallel to the 
c-axis, as shown in Fig. 3(a). No superconducting signal is observed in all the furnace 
cooled samples, while the quenched crystal shows a clear diamagnetic 
superconducting transition at the onset temperature of 25 K, as shown in the expanded 
curve of the inset. The isothermal magnetization curve as a function of magnetic field 
measured at 2 K for the quenched crystal reveals a typical characteristic of a type-II 
superconductor in Fig.3 (b), and the estimated superconducting shielding volume 
fraction is about 5%, similar to that reported in the undoped superconducting 
SrFe2As2 [7]. For the annealed samples, the superconducting transition quickly 
vanishes when the annealing temperature is above 200 
o
C. Together with the XRD 
results, this suggests the strong internal lattice strain is the key for the occurrence of 
instable superconductivity in the undoped quenched CaFe2As2 crystal, which is 
slowly released after such low temperature annealing process. 
The temperature dependence of normalized in-plane electrical resistivity for all 
the CaFe2As2 single crystals was measured from 2 K to 300 K, which is shown in Fig. 
4. For the furnace cooled sample, an anomaly characteristic happens at 170 K, which 
is associated with the structural and AFM phase transition as happening in all the 
reported 122-type parent compounds of iron pnictides [6]. For the quenched crystals, 
the upward resistivity anomaly around 170 K is completely suppressed, and another 
sharp resistivity drop appears around 80 K. This is in corresponding with the 
happening of collapsed tetragonal phase transition as revealed by XRD measurements, 
which replaces the orthorhombic structural transition. We note that due to sample 
breakage caused by the dramatic lattice shrinkage at the collapsed transition, the 
resistivity data for nearly half of our quenched samples could not be measured below 
the transition [26]. For the samples with acquired resistivity data, a superconducting 
resistivity drop happens at 27 K, with the resistivity very close to zero at 2 K. This is 
in accord with the Meissner transition at 25 K. We note that the resistivity 
measurement is generally much more sensitive than magnetization measurement, and 
zero resistivity was reported in BaFe2As2 with no diamagnetic signal observed [8]. 
The reason for the absence of zero resistivity here is attributed to the formation of 
internal micro-cracks in the crystal during the collapsed structural transition. For the 
low temperature annealed crystals, no obvious change happens for the sample 
annealed at 150 
o
C. When the annealing temperature is above 200
 o
C, the resistivity 
drop at 80 K disappears, and the superconducting resistivity drop was also quickly 
suppressed with increasing annealing temperature. Meanwhile, the upward resistivity 
anomaly appears, which is the indication of the orthorhombic structural transition. For 
the 400 
o
C
 
annealed sample, the behavior of resistivity is fully restored and similar to 
that of furnace cooled crystal, which is consistent with the tendency of the change in 
XRD measurements. Together with the magnetization data, we see that 
superconductivity was suppressed after the ground state changes from the collapsed 
tetragonal phase into the orthorhombic phase by annealing above 200
 o
C. 
In conclusion, we found non-bulk superconductivity below 25 K in CaFe2As2 
single crystals quenched from high temperature. Interestingly, the superconductivity 
exists in the collapsed tetragonal phase of the undoped CaFe2As2 compound at 
ambient pressure, which is not observed previously. The obvious shrinkage of the 
c-axis for the quenched crystals and the vanishing of superconductivity after low 
temperature annealing treatment indicate that superconductivity is induced by the 
strong internal crystallographic strain stabilized by the fast quenching process. 
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Figure Captions: 
Figure 1: The room temperature XRD patterns for the CaFe2As2 single crystals of 
furnace cooled, quenched and annealed samples with the (008) reflection expanded in 
the right panel. The inset shows an image of a plate-like single crystal for the 
quenched sample. 
 
Figure 2: (a) The XRD patterns around (002) reflection for a quenched crystal with 
temperature from 35 K to 300 K. (b) The temperature dependence of lattice parameter 
c for the quenched crystal. 
 
Figure 3: (a) The temperature dependence of magnetic susceptibility for all the 
CaFe2As2 single crystals between 2 K and 60 K with both ZFC and FC measurements. 
(b) The isothermal magnetization curve at 2 K for the quenched crystal. 
 
Figure 4: The temperature dependence of normalized in-plane electrical resistivity for 
the CaFe2As2 single crystals of (a) furnace cooled sample, (b) four quenched samples, 
and (c) annealed samples. The insets in (b) show the expanded resistivity curves for 
the quenched samples around the collapsed phase transition and the superconducting 
phase transition respectively. Some samples like „S4‟ cannot be measured for 
resistivity below the collapsed phase transition temperature due to sample breakage. 
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